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ABSTRACT
CHARACTERIZATION OF THERMALLY DIFFUSED BORIDE LAYERS
ON AISI 1018 STEEL: RESIDUAL STRESSES (BY SYNCROTRON
RADIATION) AND MICROHARDNESS
by
Joel A. Payne

Boronization is a thermal diffusion process in which needle like boride layers are formed
at the surface of the metallic substrate. The boride coatings formed by the diffusion
process have high hardness and strong ware and corrosion resistance. In order for
coatings of this nature to be industrially successful, their service life should be long and
characterization should be extensive. Measuring the residual stresses of the coatings
caters to each of these aspects.
In this study, AISI 1018 steel samples were boronized by a powder-pack
process for four hours at 850°C in an argon atmosphere. Characterization techniques
included coating thickness, microhardness, residual stresses and elemental distributions.
The average thickness of the coating was determined to be 45μm, while the average
boride needle penetration was found to be 57μm. Line-scan energy dispersive x-ray
analysis helped verify the presence of the boride layers. It also showed an accumulation
of carbon at the boride layer/substrate interface. Microhardness distributions revealed a
maximum Knoop and Vickers hardness of 2,050 and 2,150, respectively. Residual stress
measurements were obtained from x-ray diffraction data and evaluated using the multiple
tilt sin2Ψ technique for the iron monoboride layer and the substrate. The residual stresses
were found to be compressive for both the iron monoboride layer and the substrate. Their
respective values were found to be -237MPa and -150MPa.
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CHAPTER 1
INTRODUCTION

1.1 Objective
The purpose of this paper is to examine and relate some of the major characteristics of
thermally diffused boride layers on I0I8 steel. The particular characteristics to be
examined and related are residual stresses, microhardness, boride layer thickness and
elemental distribution.

1.2 Boronization Background
Boronization is a process in which boride layers are formed in ferrous or nonferrous
metal surfaces. The origin of boronization is accredited to Henry Moissan in 1895, when
he reported the hardening of iron substrates' surfaces after exposing the heated iron
substrates to gaseous, volatile boron halides. [1]
Many methods of boronization exist. Some of the most commonly used methods
include gas boronizing, paste boronizing, plasma boronizing and powder-pack
boronizing. Because the various techniques of boronization involve different parameters,
such as different temperatures, elements present and rates of diffusion and cooling,
individual characterizations should be made for each technique.
Regardless of the technique employed, borides are formed with the metal
substrate. The type of borides formed depends strongly on the elements present in the
substrate including the alloying elements. For example, iron borides (FeB and Fe2B) are
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found in boronized plain steels (such as AISI 1018 steel), only FeB is found in AISI 304
steel and titanium diboride (TiB2) is found in boronized titanium substrates. [2]

1.3 Substrate Choice: AISI 1018 Steel
AISI 1018 plain carbon steel was chosen as the substrate of choice for two major reasons.
It is vastly used in industry, and, as given in its name, it is a plain steel (being part of the
10xx series). [3] The amount of carbon in the plain steel is 0.18 weight percent, which is
given by the last two digits of the plain steel number. The denotation, "plain" implies
that the steel is devoid of alloying elements. In reality, there are some alloying elements,
but compared to alloyed steels the percent of alloying elements is quite small. A break
down of the elements present in AISI 1018 plain carbon steel is given in Table I.1 below.
[4]

Table 1.1 AISI 1018 Steel Composition
Element
Weight Percent

C
0.15-0.20

Mn
0.60-0.90

P
0.04 (Max)

S
0.05 (Max)

Fe
Balance

The dimensions of the AISI 10I8 plain carbon steel samples are given in Table
1.2 below.

Table 1.2 Sample Dimensions for Specific Tests
Sample Usage
Residual Stresses
Microhardness

Sample Dimensions (mm)
37.9 x 19.4 x 0.48
37.9 x 19.4 x 0.48
&
28.7 x 12.7 x 0.79

CHAPTER 2
POWDER-PACK BORONIZATION AND BASIC CHARACTERIZATION

2.1 Advantages
As mentioned in Chapter 1, many different boronization techniques exist. The method
used in the Smart Coatings Laboratory at NJIT and for the characterization described in
this paper is powder-pack, thermal diffusion boronization. Powder-pack boronization
was chosen as the technique of choice because it has many advantages that make it
potentially the most industrially efficient. As evidence for this claim, a few of the major
advantages of the powder-pack technique are now given. First, the process is simple and
relatively inexpensive. The cost of materials is very low as the powders are relatively
inexpensive and can be reused to some extent. The furnace necessary for the process is
relatively inexpensive, as it only requires an attachment for argon gas infiltration (i.e. no
vacuum or other expensive components). Second, every surface, including surfaces that
may be extremely difficult to boronize by other techniques (such as holes and complex
geometries), can be easily boronized with a relatively uniform coating. Third, coating
thickness can easily be controlled. And finally, the process involves minimal hands-on
time. Though the process itself requires approximately ten hours to be completed (not
including cooling and unpacking time), the actual person hours necessary to conduct a
boronization experiment is approximately one to two hours.
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2.2 Powder-pack Boronization Procedure

In the powder-pack method, a boron powder mixture is first prepared and furnace dried.
Then, the powder and metal substrate are packed in a crucible, placed in an argon
infiltrated furnace, and heat-treated for a specified amount of time. Finally, the crucible
is cooled and the boronized substrate is removed and cleaned.
A more detailed powder-pack boronization procedure, used for the AISI 1018
plain carbon steel samples analyzed in this paper, is listed below.
1. Weight percents of each powder compound are measured out (>75% B4C,
<15% Al 2O3 & <15% KBE')
2. Powders are mixed completely — by hand or by ball mill if available
3. Powder mixture is dried in a furnace
4. Powder mixture is removed from furnace and packed in a crucible along with
the metal substrate(s) (embedded in the mix near the bottom of the crucible)
5. Uncovered crucible is placed in furnace and dried
6. Crucible is covered, argon gas is infiltrated and furnace temperature is
increased to 850°C
7. Furnace is held at 850°C for four hours before turning off (argon gas is also
turned off at this point)
8. Crucible is immediately removed from furnace and is room temperature, air
quenched
9. Sample(s) is(are) extracted from mixture and cleaned
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2.3 Basic Boride Layer Characteristics
2.3.1 Microstructure
Often, the boride layer(s) microstructure is described as the teeth of a saw. In other
words, the interface between the substrate and the coating is boride needles pointing
toward the substrate interlocked with substrate needles oriented toward the coating.
Figure 2.1 clearly illustrates this phenomenon.

Figure 2.1 Microstructure of unetched cross-section of boronized AISI 1018 steel
(image obtained using a Zeiss optical microscope).
Because the boride "teeth" effectively dig into the steel substrate, the adherence
of the coating to the substrate is extremely good as compared to many other competing
coatings that have smoother interfaces between coating and substrate. Coatings with
smooth interfaces commonly have adherence problems as they can easily peal off when
subjected to an external force.
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As mentioned in section 2.1, pack boronization can be used to boronize complex
shapes with a fairly uniform coating. As evidence for this, Figure 2.2 shows the
microstructure of a corner piece of a boronized 1018 steel sample.

Figure 2.2 Microstructure of a cross-section of an unetched boronized AISI 1018 steel
corner (image obtained using a Zeiss optical microscope).
Figure 2.2 not only shows how well pack boronization can boronize complex
geometries, but it also shows the columnar shape of the boride crystals. The boride
crystals clearly grow towards the substrate, but each crystal does not necessarily grow at
exactly the same angle. This slight non-uniformity actually benefits the adherence of the
coating to the substrate. Obviously, needles at various angles provide much more
resistance to being pulled out, than would boride needles all at the same angle.
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2.3.2 Composition

The iron boride layers of boronized plain steel are composed of FeB nearest the surface
and Fe2B in the interior. In order to display the different iron borides, the sample must be
color etched. Color etching is a technique in which specific solutions are prepared that
chemically react with specific compounds. Upon the reaction, the specific compounds
turn a specific color. The etching solution consisted of picric acid, sodium hydroxide and
distilled water, and was prepared as described in [5]. A cross-section of color etched,
boronized AISI 1018 steel can be seen in Figure 2.3. These boride layers are the focus of
the rest of this paper.

Figure 2.3 Color etched iron boride layers on boronized AISI 1018 steel.
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2.3.3 Layer Thicknesses

As powder-pack boronization is a thermal diffusion process, the thickness of the coating
can be easily controlled. Boride layer thickness displays a parabolic increase with time,
and a linear increase with temperature. [6]
In order to obtain the average thickness of the coating around the sample,
measurements were taken from each side of the cross-section of the sample. (The crosssection was rectangular.) In order to ensure non-biased results, the measurements were
taken at set increments (201.1m), beginning at a given distance from the left-hand edge of
the image. These incremental measurements are indicated in Figure 2.4. A Carl Zeiss
optical microscope, digital microscope camera and software were used to obtain these
measurements.

Figure 2.4 Incremental measurements for average coating thickness.
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The thickness measurements for each side were individually averaged. Since the
sides of the cross-section were not of equal length, an equation was devised to account
for this in the calculation of the average thickness of the coating. By this method, the
average thickness of the boride coating on the AISI 1018 substrates used for analysis in
this paper was found to be 45.3μm (based on 290 measurements). The average depth of
penetration of the Fe2B layer was measured using the same technique, and was found to
be 56.9μm (based on 400 measurements). Similarly, the average depth of penetration for
the FeB layer was found to be 8.6μm (based on 116 measurements). Fewer
measurements were taken for the FeB peak penetration relative to the Fe2B depth
penetration due to color etching difficulties. The depth profile distributions for peak
penetration are given in Figure 2.5.

Figure 2.5 Iron boride peak penetration distributions.
The distributions indicate that the typical Fe 2 B peaks are relatively more needle
like than the FeB peaks. In other words, the aspect ratio of the typical Fe2B peak is much
greater than the aspect ratio of the FeB peak.
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Carl Zeiss' optical microscope and software used to obtain the layer thickness and
depth penetration measurements described above are very accurate tools for making such
measurements. The measurement tools for the optical microscope were calibrated to a
0.01mm Reichert calibration sample. However, an optical microscope alone is incapable
of providing pin point accuracy when evaluating boride penetration distances of one
cross-section of a sample. As evidence of this slight inaccuracy, one must simply look at
a scanning electron microscope (SEM) image of a cross-section of a boronized steel
sample. Such a cross-section is shown in Figure 2.6.

Figure 2.6 SEM image of a cross-section of potentially boronized AISI 1008 steel.
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Though the substrate of this sample is AISI 1008 steel (i.e. not 1018), and the
suspected boride layer seen in the image has not yet been confirmed as iron boride, it is
apparent that the peaks seen at the surface of the cross-section do not generally coincide
with the maximum peak penetrations. Observing the image very carefully, one can see
that regions darker than the substrate exist above the peaks in the same shape as the
peaks. These darker regions actually are part of the peaks seen on the surface, but
clearly, they are under the surface. Though this phenomenon is not unique to boride
layer*, and should be expected to occur with any coating that does not have a uniform
interface layer with the substrate, it is especially prominent in boride layers since the
boride peaks grow at slight angles. Unfortunately, a study has not yet been conducted to
attempt to quantify the error involved in using the optical microscope alone.
A more accurate analysis of boride layer penetration could be obtained by
combining scanning electron microscopy with optical microscopy. Scanning electron
microscopy equipped with a back scatter electron detector could be used to obtain images
of the true boride layer penetration. Because SEM is not always an accurate tool for
measuring microscopic distances (error is often introduced unless the machine has been
recently and carefully calibrated), it should not be used alone to make the measurements
unless it has been recently calibrated. Rather, the images produced by SEM could be
overlaid on optical microscope images of the same location. Then such a program as
Axiovision by Carl Zeiss could be used to measure the true peak penetration distances.
Back scatter electron detection is recommended because it penetrates it collects electrons
that have penetrated further into the surface.
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2.4 Energy Dispersive X-ray Analysis
Though the iron boride layers were confirmed by color etching viewed by optical
microscopy and x-ray diffraction (presented in Chapter 3), additional elemental analysis
was desired to further the characterization of the boronization process. To do so, field
emission scanning electron microscopy (FESEM), combined with energy dispersive x-ray
analysis (EDX) was employed. The FESEM used was a LEO FESEM 1530, and the
EDX used was an Oxford Instruments Model 7426. Figure 2.7 shows an FESEM
micrograph and line-scan results of boronized AISI 1018 steel.

Figure 2.7 FESEM micrograph and EDX line-scan analysis of boronized AISI 1018
steel.
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The parameters used for the line-scan shown in Figure 2.7 are the following:
1.667hr, I0kV with a working distance of 6mm. As secondary electron detection was
used, the difference between Fe2B and FeB is nearly indistinguishable in the micrograph.
However, the line scan shows a slight increase in boron content roughly 5 to 10μm from
the surface with a corresponding decrease in iron content. Since the FeB layer was
shown to be on average 8.6μm by optical microscopy, this result seems reasonable. The
transition from Fe2B to the substrate is clearer. One interesting observation of this linescan is that the carbon seems to group together in specific regions. One of these regions
is near or at the interface between the Fe2B layer and the substrate. This occurrence,
though not yet fully understood, has been found before in boride layers. [7]
It should be noted that the other elements found in AISI 10I8 steel were originally
included in the line-scan results. However, the results were not constructive for
understanding what is happening in the sample. Therefore, to avoid clutter and
confusion, they were not included. The spectrum for the line-scan above is given in
Figure 2.8.
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Figure 2.8 EDX spectrum of the line-scan (see Figure 2.7) obtained from a boronized
AISI 1018 steel substrate.

CHAPTER 3
RESIDUAL STRESSES

3.1 Background
At the atomic level, a material is considered stressed when the spacing of the constituent
atoms is forced away from equilibrium. The equilibrium spacing of the atoms composing
a material is determined by the laws of thermodynamics. In other words, the atoms in a
material will be spaced in such a manner as to minimize the amount of energy of the
material as a whole. From this definition for stress, it is apparent that some type of
external force is necessary to initiate stress in a material. Generally two mechanisms,
deformation (by an applied force) and heat are considered to be the forces capable of
causing stresses in materials.
Residual stresses are stresses that remain in a material after the original cause of
the stress has been removed [8]. This implies that if the stress was caused solely by
deformation, the deformation must be plastic in order for residual stresses to remain after
the external force has been removed. In order for heat to cause residual stresses, the rate
at which the material is heated or cooled must be fast enough that equilibrium position of
the atoms cannot be attained.
In the boron thermal diffusion process previously described, boron diffuses into
the metal substrate at high temperatures forming borides. At the high temperatures at
which the diffusion process occurs, the atomic spacing of the borides is at or very close to
equilibrium spacing. Since borides will invariably have different thermal expansion
coefficients relative to the metal substrate, residual stresses will remain in the composite
material upon cooling. (Whether furnace cooled or air quenched, the cooling rates for the
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boride/metal substrate composites are fast enough that atomic rearrangement to minimize
the energy of the material for the given temperature can only just begin to occur.)

3.2 Methodology for Obtaining Residual Stresses
The method for measuring residual stresses in the iron monoboride layer involved the
National Synchrotron Light Source, station x-I4a, at Brookhaven National Laboratory in
New York. The National Synchrotron Light Source is a high energy (2.8 GeV) ring
(approximately 54 meters in diameter) of electrons traveling at velocities approaching the
speed of light. As the electrons travel around the ring at a near constant velocity, they
continually accelerate in the radial direction. This radial acceleration is responsible for
the production of x-rays. At the x-ray operating stations around the ring (there are 61
stations), x-rays are focused into beams, providing the source for the various x-ray
techniques. To obtain the residual stresses in materials using the synchrotron light
source, x-ray diffraction is used. A schematic of the setup is given in Figure 3.1.
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Figure 3.1 X-ray diffraction setup (model has been simplified to highlight specific

components). *Many of the components of this machine are made by Huber. The
station, X-14a, is run by Oak Ridge National Laboratory.

3.3 X-ray Diffraction Compositional Analysis

Before measurements for the calculations of residual stresses in the boronized 1018 steel
and the reference 1018 steel sample were taken, the full spectrums of the materials were
completed to confirm the compounds and elements in the sample. Figure 3.2 shows the
spectrum for the boronized 1018 sample.
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Figure 3.2 Spectrum of boronized 1018; inset: zoomed in view of spectrum where
residual strains were measured.
As expected, peaks were found for iron monoboride (FeB), iron boride (Fe2B),
and iron (Fe). The peak identifications are based on the Powder Diffraction File (PDF)
data (PDF # 06-0696-Fe, PDF # 32-0463-FeB, PDF # 36-1332-Fe2B). These PDF's are
found in Appendix A. The spectrum of a reference, unboronized AISI 1018 sample was
also recorded. This spectrum can be found in Appendix B.
The x-ray beam wavelength, k, used to capture the data of Figure 3.2 was 1.767A.
Since the wavelengths for the compounds in the PDF are not 1.767A, their theta values
had to be adjusted. This adjustment can be made by manipulating the Bragg Law
(Equation 3.1):

A= 2d sin 8 .
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where d is the atomic planar spacing and 0 is the incident angle of the x-ray beam.
Letting m represent the measured values and pdf represent the PDF values, theta
measured can be solved for (Equation 3.2)

3.4 Residual Stress Measurement by X-ray Diffraction
3.4.1 Peak Choice
The first step in determining residual stresses by means of x-ray diffraction is to choose
which peaks to evaluate. Clearly, the peaks must correspond to the compounds that
residual stresses measurements are desired for. Several other criterions should be
considered when picking these peaks. First, high angle peaks should be used to assure
maximum accuracy. [9] This becomes apparent by observing the Bragg Law (Equation
3.1) for different values of 20. A small change in angle at high values of 20 corresponds
to a very small change in the atomic planar spacing. On the other hand, a small change in
angle at low values of 20 corresponds to a larger change in the atomic planar spacing. In
other words high values of 20 are more sensitive to a slight change in atomic spacing.
This phenomenon can clearly be seen in Figure 3.3.
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Figure 3.3 Variance of atomic planar spacing vs. diffraction angle (wavelength:
1.767A).
The final two steps for choosing the best peaks are finding peaks that do not
overlap with others and are of normal shape. While it is possible to determine peak
shifting (which is the basis of residual stress measurement used in this paper) with
overlapping peaks, it is less accurate and more complicated. Normally shaped curves are
desired because they can be most accurately fitted to determine the shift in diffraction
angle.

3.4.2 Peak Shifting
After the high angle, non-overlapping and normally distributed peaks have been chosen,
high resolution x-ray diffraction must be completed for the small ranges of 20 at which
each peak exists. This procedure is then repeated at various sample tilt angles (NJ or Psi)
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shown in Figure 3.4. The more tilt angles used, the more accurate the residual stress
calculation will be.

Figure 3.4 X-ray diffraction tilt angles. A) Psi = 0°. B) Psi = 70°.

As another means to improve accuracy, two separate diffraction runs were
completed for each tilt angle. The separate runs were then averaged and the result was
used for peak fitting.
To determine the exact position of the peak location in relation to the diffraction
angle, the software Jade 6, developed by Materials Data, Incorporated, was employed.
This software uses a combination of Lorentzian and Gaussian curve fitting to find the
precise angle at which the center of each peak is located. Since the iron and iron
monoboride peaks evaluated in this paper were within one degree (on the 20 scale),
simultaneous peak fitting was used.
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3.5 Residual Stress Measurements in the Iron and Iron Monoboride Layer
As mentioned in the previous section, the iron and iron monoboride peaks that were
selected to be evaluated in this experiment were within one degree. Since the peaks were
found to be so close together, diffraction runs for each peak were conducted
simultaneously. To demonstrate the precision that was used for each diffraction run,
Figure 3.5 has been provided.

Figure 3.5 Diffraction results of averaged residual stress runs at Psi = 60°.
Instead of setting the step time to a fixed low value, the machine was programmed
to incrementally change angle when a given number of counts had been obtained. With
this technique, time and quality can be optimized.
The results of all the residual stress diffraction runs (with both runs at each given
angle of Psi averaged together) are shown in Figure 3.6.
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Figure 3.6 Diffraction patterns for iron peaks (left) and iron monoboride (right) at given
tilt angles.
Figure 3.6 provides the basis for the residual stress calculations. As is apparent in
the figure, when the tilt angle is increased, the center of the peaks shifts to higher values
of 28. Higher values of 20 correspond with smaller lattice plane spacing. For instance, at
Psi = 0° (for the FeB peak), d = 1.1669 Å and at Psi = 60°, d = 1.1656 Å . The fact that
there is a shift at all in the peaks implies that the material contains residual stresses. Also
of interest in Figure 3.6 is the drastic change in intensity that the iron peaks undergo as
Psi changes. This can be explained by recalling the thickness of iron boride layers and
observing the iron peak intensities in Figure 3.2. Since it is already known that the
average thickness of the boride layers is 56.9μm and that the intensities of the iron peaks
are relatively low compared to the Fe2B peaks, it can be deduced that the x-ray beam did
not penetrate very far into the substrate. Assuming that this is true, it follows (through
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simple geometry) that when the tilt angle of the sample is increased, the penetration of
the beam into the substrate will decrease. Conversely, as the sample tilt is increased, the
intensity of the FeB peaks should also increase, as the layer thickness is effectively
greater. A simple calculation of the beam penetration depth (based on the mass densities
of the materials and the wavelength of the x-rays) could be computed to find the expected
penetration depth of the beam at each PSI tilt angle.
The tilt angles in Figure 3.6 are not randomly increasing. Rather, they were
chosen such that when the atomic planar spacing is plotted vs. sin 2 θ, the sin 2 θ values will
be evenly distributed, as is customary. After the peaks were fitted, such a plot was
created. The results can be seen in Figure 3.7.

Figure 3.7 Atomic planar spacing vs. sin 2 Ψ for both iron and iron monoboride.

25
Figure 3.7 shows that the atomic planar spacing of both iron and the iron
monoboride layer vary linearly with sin 2 Ψ. Since the data varies linearly, the biaxial
stress method, or the "sin 2Ψ" method was used to calculate the residual stresses. [9] The
best fit lines are calculated based on the least square method. As this method is
commonly used in countless disciplines, it will not be further described. However, the
"sin2 Ψ" method is unique to x-ray diffraction measurement of residual stresses, and will
therefore be described. It is one of the most accurate and most common methods used
today. [10-16] The governing equation for this method is given in Equation 3.3.

The subscript, 4), refers to the angle (on the surface of the sample) between x-ray
beam and the principle stresses parallel to the surface, a n and 45 22 , of the sample. The
unstressed lattice spacing is given by d0, and is assumed to be the value of d at Psi = 0°.
This assumption only introduces an error of less than 0.1 percent and may be considered
negligible as compared to other errors from the experiment. [9] The residual stress is
represented by ad) . E and u are known as the material constants, Young's Modulus and
Poisson's ratio, respectively. These values were taken from literature [17-18], and are
given in Table 3.1.

Table 3.1 Elastic Modulus and Poisson's Ratio Values
Compound

E (Pa)

u
0.30

FeB

207x109
343x109

Fe2B

284x109

0.25

Fe

0.25
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By taking any two points from the line of best fit and using the value of d at 0° tilt
angle, Equation 3.3 may be solved simultaneously for the residual stress for each
individual layer of the boronized AISI 1018 steel substrate. Following this procedure, the
residual stresses found in the substrate and in the iron monoboride layer were found. The
results are given in Table 3.2.
Table 3.2 Residual Stress Values
Compound

Residual Stress (Pa)

Fe

-150x106

FeB

-2373(106

As expected from the x-ray diffraction peak shifts shown in Figure 3.6, the
residual stresses introduced by the boronization process are compressive. For coating
applications that include wear and corrosion resistance, compressive residual stresses are
generally desirable. Since boride coatings will potentially be used for these applications,
the fact that the coating has compressive residual stresses is an added bonus.
The explanation for this is fairly simple. Lattice structures of materials with
compressive residual stresses are themselves compressed. This means that the atoms in
the lattice structure of the material are closer together than in their unstressed state. This
phenomenon is directly related to crack propagation. If a micro-crack is present in a
material that has a compressed lattice structure, the free atoms on the surface of the crack
will expand to their unstressed, equilibrium spacing. This in turn shrinks the crack size,
makes it more difficult for a corrosive solution to embed itself into the crack and delays
or prevents the crack from causing the material to fail. Conversely, micro-cracks in a
material with tensile residual stresses will tend to propagate more easily. When the
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micro-crack is introduced, the free atoms at the surface of the crack will retreat back to
their equilibrium spacing, causing the crack size to increase. The increased crack size
allows for more corrosive solution to become entrapped in the crack.

3.6 Residual Stresses of Other Coatings
Many surface hardening coatings can be treated by such techniques as shot peening to
increase the compressive residual stresses near the surface of the coating. However,
these treatments are not inherent to the coating, and since there are many different
techniques to further harden surface coatings, it is appropriate, as a base, to compare the
residual stresses of the unaltered coatings. Table 3.3 compares the residual stresses of
various coatings on steel substrates found in literature. [21-24]

Table 3.3 Coatings with Similar Purposes: Residual Stresses
Process

Carburizing

Plasma Nitriding

Gas Sulfonitriding

Boronizing

Process Parameters &
Substrate Composition (wt%)
Balance — Fe
880°C for 2.5 hrs followed by 830°C
for 0.5hrs then quenched.
0.I6C, 0.95Cr, 0.23 Mo
520°C for 5 hrs.
0.37C, 0.94Si, 0.45Mn, 0.03Cu,
0.08Ni, 5.33Cr, I.24Mo, 0.81V
510°C for 5 hrs.
0.37C, 0.94Si, 0.45Mn, 0.03Cu,
0.08Ni, 5.33Cr, 1.24Mo, 0.81V
850°C for 4 hrs.
0.15-0.2C, 0.6-0.9Mn, 0.04P(max),
0.05S(max)

Residual Stress (Pa)

-300)(106

-425x106

-375)(106

-237x106

CHAPTER 4
MICROHARDNESS

4.1 Background
Hardness is defined as the ability of a material to resist localized plastic deformation. [3]
Causes of local plastic deformation include abrasions and impacts. Hardness values are
obtained by applying a load to a very hard (often steel, tungsten carbide or diamond)
indenter, and measuring the depth of penetration. Generally the indenter shape for
hardness tests is spherical or conical.
Microhardness is much the same as hardness, but the indenters used to deform the
surface of the material are on the microscopic level. The smaller indenters provide a
means of evaluating hardness of areas that are too small to obtain accurate measurements
by traditional hardness tests, the most common of which are Rockwell and Brinell.
Indenters used for the majority of microhardness tests are pyramidal and made of
diamond. Vickers and Knoop are the most commonly used microhardness tests. Both
tests are conducted with pyramidal diamond indenters, but the shapes of the pyramids
differ. Vickers uses an indenter with a square cross-section, while the Knoop indenter
cross-section is a rhombus. Unfortunately, a clear relation between Vickers and Knoop
does not yet exist due to the complexity involved with the indentations. For this reason,
both techniques were used to evaluate the microhardness of the boride layers and the
AISI I018 steel substrates. Figure 4.I shows Vickers and Knoop indentations on a
boronized AISI 10I8 substrate.
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Figure 4.1 Optical images of microhardness indentations on AISI 1018 steel: A) Vickers
(bright field), B) Knoop (bright field), & C) Knoop (dark field).
Microhardness is extremely important if the material is to be subjected to an
abrasive environment. Generally, the harder the material, the more difficult it is to
scratch. Surface scratches can lead to corrosion and shortened life time of parts. They
can also cause high performance engineering parts to decrease in efficiency or even
catastrophically fail. For these reasons, surface hardness characteristics are often among
the top priority properties that industry considers when choosing engineering materials.
As such, the microhardness of boride layers deserves special attention.
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4.2 Microhardness of Boronized AISI 1018 Steel
4.2.1 Knoop Hardness
The microhardness tester used to evaluate the hardness of the boronized AISI 1018
samples is the LECO Microhardness Tester, LM 700. Figure 4.2 shows a set of Knoop
hardness tests performed on boronized AISI 1018 steel.

Figure 4.2 Knoop hardness taken on the cross-section of the boronized AISI 1018
substrate shown on the x-y plane. Colored points on the y-z plane give the Knoop
hardness values of the corresponding colored points on the x-y plane that show the
locations of the indents on the sample. The solid lines represent the average Knoop
hardness for each data set. The Fe 2 B layer has been outlined for clarity.
Clearly, the microhardness hardness near the surface of the coating and in the
substrate each demonstrates fairly uniform values. However, in the transition regions
where the boride needles are intermixed with the steel substrate, the Knoop hardness
values become quite dispersed. To further display this phenomenon, Figure 4.3 has been
provided.
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Figure 4.3 Average Knoop hardness vs. average distance from surface, showing Knoop
hardness variance in the boride-steel transition region.
The error bars of Figure 4.3 represent the standard deviation of the measurements
taken at given distances from the coating surface. Once again, it can be seen how vastly
the hardness of the composite material varies in the coating-steel transition zone. Though
variance is often undesirable in engineering materials, this deviation is actually
advantageous. The transition region provides the surface with more resistance to impact
fracture, because it transfers the impact energy to the substrate more effectively than a
coating with a flat interface. Coatings with comparable hardness, but with flat interfaces
often fracture and break away from the surface when subjected to a relatively small
impact force, whereas the boride needles may provide enough extra impact energy
absorbance to resist this fracture. It should be noted that boronized steel is not intended
for impact resistance. The data implies that the structure of the coating-substrate
interface may be able to resist impact fracture better than a coating of the same hardness,
but with a flat interface.
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To ensure that each indent was taken within an acceptable range for each of the
average distances from the surface (shown in Figure 4.3), the standard deviation for each
of these averages was also calculated. The maximum standard deviation for these
measurements was 3.38 microns. This, however, was for one of the averages in the
substrate where the hardness is very uniform and exact distance is of little concern.
Throughout the coated region the standard deviation of the average distances from the
surface was always less than 3 microns; therefore the variance can be considered
negligible.

4.2.2 Vickers Hardness
Since Knoop and Vickers hardness values cannot be accurately compared, Vickers
hardness for boronized AISI 1018 steel was also measured. The corresponding Vickers
hardness distribution is given in Figure 4.4.
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Figure 4.4 Average Vickers hardness vs. average distance from surface, showing
Vickers hardness variance in the boride-steel transition area.
As with the Knoop hardness measurements, the greatest standard deviation found
in the data is in the transition region between the coating and the substrate. Since the
Vickers microhardness appears to be comparatively lower than the Knoop microhardness
near the surface of the coating, the two graphs were compared as a function of percent of
maximum microhardness. The results are shown in Figure 4.5 below.
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Figure 4.5 Relative microhardness of Knoop and Vickers measurements.
Figure 4.5 confirms that the Vickers microhardness measurements are relatively
lower near the surface. This discrepancy can be explained by two different approaches.
First, the differing borides (FeB and Fe2B) may respond differently to the indentation
shapes. To determine how the indenter shape affects different lattices is extremely
complex and beyond the scope of this paper. Second, the Vickers average indent location
that is closest to the surface of the coating is closer than that of the first Knoop
indentation average location. As the indentation locations approach the surface of the
coating, the indentations become influenced by the lack of material (or in this case, the
transition from the boride coatings to the epoxy in which the samples are embedded). It
is possible that the Vickers measurements closest to the surface (approximately 61.1,m) are
too close. When this is the case, the indentations will be larger, and the corresponding
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hardness will be less. If the hardness in regions that are suspect to these surface effects is
desired, nanoindentation can be used. [23-25]

4.3 Boronized AISI 1018 Steel vs. Microhardness of Other Coatings
After the Vickers measurements of boronized AISI 1018 steel had been obtained, the
results were compared to other hard coatings. It should be noted that changing
parameters (temperature, time, composition, etc.) of most types of coatings on metallic
substrates can change the microhardness of the particular coating. Sometimes the
changes can be drastic. With this in mind, Figure 4.6 has been provided showing various
Vickers microhardness distributions of coatings that may compete with the boronization
process. The processing parameters of the coatings of Figure 4.6 are given below the
figure. If more information on these coatings is desired, see [26-30].
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Figure 4.6 A comparison of the Vickers microhardness distributions of other coatings on
metallic substrates.

Table 4.1 Various Coating Processes Compared to the Boronization Process [26-30]
Coating Process

Plasma Nitriding

Nitriding
Nitrocarburizing
Plasma Carburizing
Chromizing
Laser Surface
Cladding

Boronizing

Steel Substrate Designation &
Composition (wt%)
Balance: Iron
Unspecified
0.25-0.34C, 0.3-0.6Mn, 1.8-1.2Cr,
0.3-0.5Mo, 0.4Si, 1.8-2.0Ni,
0.035P, 0.3S
AISI H11 (Hot worked)
0.38C, 5.0Cr, 1.3Mo, 0.4V
AISI H11 (Hot worked)
0.38C, 5.0Cr, 1.3Mo, 0.4V
AISI 316L
18Cr,10Ni
Unspecified
0.11C, 0.01Si, 0.39Mn, 0.24S
(max), 0.01P (max)
AISI 1010
0.018-0.013C, 0.3-0.6Mn, 0.04P,
0.05S
AISI 1018
0.15-0.2C, 0.6-0,9Mn,
0.04P (max), 0,05S (max)

Process Parameters/Atmosphere &
Microhardness Indentation Load
520 & 580°C, 5hr, 5kW DC, SS vacuum
chamber, active screen set-up, Fine
polished substrates, load unspecified
580°C, 16hr, 300hPa, 75l/hr, 25%N 2 —
75%H2, IN load
580°C, 16hr, 300hPa, 75l/hr, 87%N 2 —
2%CO2 — 11%H 2 , 1N load
950°C, 0.667-2hr, 2.4Torr, 600V, CH 4
100sccm, load 50g
600°C, 2hr, followed by: 860°C, 1.5hr,
with & without SMAT, 1N load
2.5kW, 5l/min, Powder blends: 94Fe4B2C
& 75Fe15B10Si, Annealed & sandblasted
substrates, 300g load
850°C, 4hr, 60psi Ar, 10g load

37

Of the coatings described in Table 4.1 the boronized AISI 1018 sample clearly
shows the highest Vickers microhardness values. Regardless of whether the Vickers
hardness values of the boride coating near the surface are lower than their true values,
they still are harder than the other competing coatings shown in Figure 4.6. From the
data of Figure 4.6, it is difficult to interpret the distribution of the coatings based on
coating depth. Figure 4.7 has been provided to show this distribution in units of percent
depth of coating.

Figure 4.7 Vickers hardness distribution of various coatings as a function of percent
depth of coating.

Figure 4.7 shows the transition from high microhardness (in the pure coating) to
low microhardness (in the pure substrate) for the boronized AISI 1018 steel sample is
well distributed and fairly smooth as compared to many of the other coating/substrate
combinations. The boride needle/substrate interface is responsible for this phenomenon.
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As mentioned previously, this gradual change is advantageous for fracture purposes.
Unfortunately, the articles in which the data for the microhardness values of the various
coatings did not report residual stress values of the coatings. Therefore, the
microhardness and residual stress values cannot be directly compared for these coatings.
Additionally, the coatings of these figures are on various steel substrates (plain and
alloyed). However, a generalized comparison can be made. Boronization on AISI 1018
steel provides surface hardness nearly doubling the values of carburized and nitrided steel
samples, but with 21 and 44% less compressive stress, respectively.

CHAPTER 5
CONCLUSION

AISI 1018 steel substrates were successfully boronized at 850°C for four hours before air
quenching. The boronized samples were then characterized in terms of boride layer
thickness, boride layer composition and elemental distribution, residual stresses and
microhardness. The results of each characterization are discussed in the following
paragraphs.
Optical microscopy in combination with color etching was used to find the boride
layers average thicknesses as well as the FeB average peak penetration depth. The
average thickness of the coating was found to be 45.3μm with an average depth of
penetration for the Fe2B peaks of 56.91.1m and 8.61.1m for the FeB peaks. The distribution
of the peak penetration data points explicitly revealed that the Fe2B peaks have a higher
aspect ratio than that of the FeB peaks.
Energy dispersive x-ray analysis was used as a secondary method for confirming
the boride layer distributions. As in other studies found in literature, a high concentration
of carbon was found at the Fe2B/AISI 1018 substrate interface.
The sin2 Ψ technique was used to evaluate the residual stresses in a boronized AISI
1018 steel sample. Data was obtained by x-ray diffraction with varying sample tilt
angles. These experiments were carried out at Brookhaven National Laboratory in Long
Island, New York. The stresses in the FeB layer and the substrate were found to be
compressive with values of -237MPa and -150MPa, respectively.
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Microhardness values were obtained using a Knoop indenter and a Vickers
indenter. The maximum average Knoop hardness was found to be about 2050 at a depth
of approximately 13μm from the surface. Likewise, the maximum average Vickers
hardness was found to be about 2I50 at a depth of approximately 25μm from the surface.
Though slight variations in the harness for Vickers vs. Knoop hardness were found near
the surface of the coating, both methods still show hardness values of approximately
double that of competing coatings (such as carburizing and nitriding).
Clearly, when the boronization process becomes better known throughout
industry, boride coatings will replace many other coatings. The boride coating provides
extreme hardness, corrosion resistance, wear resistance and high temperature oxidation
resistance. The applications for this kind of versatile coating are innumerable.

CHAPTER 6
FUTURE CHARACTERIZATION WORK

Though the characterization of powder-pack boronization of AISI 1018 steel presented in
this paper displays excellent properties of the boride layer, more research could be done
to show the versatility of the coating. As research for this paper was conducted, many
areas of interest that could be further examined were realized. Provided below is a list of
future work that could be done to further bolster the characterization of boride layers and
potentially increase its marketability.
1. Scanning electron microscopy combined with optical microscopy could be
combined to provide more accurate measurements of the boride needle penetration depth.
2. Residual stress measurements could be taken for samples that are furnace
cooled (instead of air quenched) after boronization at various rates. The varying cooling
rates will likely affect the residual stresses of the coating, because the material has more
(or less) time to reach its equilibrium state. If this study shows a significant change in
residual stresses based on the cooling rates, a profile could be created displaying the
corrosion resistance and microhardness variance for each stress state.
3.

Residual stress measurements could be taken for different substrates, as

potential boronization applications include such metals as titanium, tantalum and alloyed
steels. Also, residual stress measurements could be taken for the Fe 2 B layer. This was
not done in this experiment, because beam-time was limited.
4.

Residual stress measurements could be taken for different boronization

temperatures, as residual compressive stresses have been shown to increase with
increasing temperatures. [31]
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4. Depth profile residual stress measurements could be taken since the residual
stresses in surface treated materials often varies with depth.
5. Wear tests could be conducted for the current boronization technique to allow
for comparison between other coatings. Wear tests could also be conducted for different
residual stress states induced by various cooling rates (if the various cooling rates prove
to be significant).
6.

Since one of the applications of boronization includes high temperature

exposure, residual stresses should be measured for thermal fatigue. It has been shown
that thermal fatigue can cause compressive residual stress relaxation. [21]
7. Fracture toughness of the iron boride coatings could be performed using
Vickers indentation. [32]

APPENDIX A
POWDER DIFFRACTION FILE DATA

Below is the PDF data used to match the peaks of the boronized AISI 1018 steel sample.
PDF#06-0696: QM=Star(S); d=(Unknown); I=Diffractometer
Iron, syn
Gray, light gray metallic
Fe
Filter=Ni
Radiation=CuKa1
Lambda=1.5405
Calibration= 2T=51.686-180.000 I/Ic(RIR)=
Ref: Swanson et al.
Natl. Bur. Stand. (U.S.), Circ. 539, vIV p3 (1955)
Cubic - Powder Diffraction, Im-3m (229) Z=2 mp=
P.S=cI2 (W)
CELL: 2.8664 x 2.8664 x 2.8664 <90.0 x 90.0 x 90.0>
Density(m)=7.86A Mwt=55.85 Vo1=23.55
Density(c)=7.874
F(6)=225.2(.0044,6/0)
Ref: Ibid.
Strong Lines: 2.03/X 1.17/3 1.43/2 0.91/1 1.01/I 0.83/I 0.00/1 0.00/1 0.00/1 0.00/I
NOTE: Total impurities of sample <0.0013% each metals and non-metals.
Pattern taken at 25 C.
The iron used was an exceptionally pure rolled sheet prepared at the NBS, Gaithersburg,
Maryland, USA., [Moore, G., J.
Met., 5 1443 (1953)].
It was annealed in an H2 atmosphere for 3 days at 1I00 C and slowly cooled in a He
atmosphere.
$GG-Fe (fcc)=(1390 C) $GD-Fe (bcc).
Opaque mineral optical data on specimen from Meteorite: RR2Re= 57.7, Disp.=I6,
VHN=158 (mean at 100, 200, 300), Color values=.311, .316, 57.9, Ref.: IMA
Commisssion on Ore Microscopy QDF.
See ICSD 64795 (PDF 85-1410).
2-Theta d(Å) I(f) ( h k 1) Theta 1/(2d) 2pi/d n^2
51.686 2.0268 100.0 ( 1 1 0) 25.843 0.2467 3.1001 2
76.115 1.4332 20.0 ( 2 0 0) 38.058 0.3489 4.3840 4
98.051 1.I702 30.0 ( 2 I 1) 49.025 0.4273 5.3693 6
121.341 1.0134 10.0 ( 2 2 0) 60.671 0.4934 6.2001 8
154.187 0.9064 I2.0 ( 3 1 0) 77.093 0.5516 6.9320 10
--- 0.8275 6.0 ( 2 2 2) --- 0.6042 7.5930 12

PDF#32-0463: QM=Star(S); d=(Unknown); I=Diffractometer
Boron Iron
Fe B Greenish gray
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Radiation=CuKa1
Lambda=1.540598 Filter=
Calibration=Internal(W)
2T=31.360-121.080 I/Ic(RIR)=
Ref: Natl. Bur. Stand. (U.S.) Monogr. 25, v18 p35 (1981)
Orthorhombic - Powder Diffraction, Pbnm (62) Z=4 mp=
CELL: 4.0587 x 5.5032 x 2.9474 <90.0 x 90.0 x 90.0>
P.S=oP8 (B Fe)
Density(c)=6.725
Density(m)=6.15A Mwt=66.66 Vol=65.83
F(29)=87.4(.0085,39/0)
Ref: Ibid.
Strong Lines: 2.01/X 2.19/7 1.90/7 2.38/5 2.28/3 1.67/3 2.75/3 1.80/3 1.60/3 1.24/3
NOTE: The sample was from Cooper Metallurgical Associates, Cleveland, Ohio, USA.
Intensities: owing to the difficulty of getting reproducible intensities, a comparison
between experimental intensities and those calculated on the basis of the structure given
in Pearson [1967] was made.
In the calculated pattern, the four strongest lines were: 2.188(100), 1.904(67), 2.384(65),
2.011(65).
To replace 3-957.
2-Theta d(Å) I(f) ( h k 1) Theta 1/(2d) 2pi/d n^2
31.360 3.2690 16.0 ( 1 1 0) 15.680 0.1530 1.9221
37.452 2.7520 32.0 ( 0 2 0) 18.726 0.1817 2.2831
43.505 2.3840 50.0 ( 1 0 1) 21.752 0.2097 2.6356
45.666 2.2768 33.0 ( 1 2 0) 22.833 0.2196 2.7597
47.613 2.1888 72.0 ( 1 1 1) 23.806 0.2284 2.8706
52.106 2.0116 100.0 ( 0 2 1) 26.053 0.2486 3.1235
55.285 1.9043 67.0 ( 2 1 0) 27.642 0.2626 3.2995
58.726 1.8018 28.0 ( 1 2 1) 29.363 0.2775 3.4872
63.813 1.6716 33.0 ( 1 3 0) 31.907 0.2991 3.7588
65.485 1.6335 5.0 ( 2 2 0) 32.742 0.3061 3.8465
67.058 1.5995 27.0 ( 2 1 1) 33.529 0.3126 3.9282
73.676 1.4736 22.0 ( 0 0 2) 36.838 0.3393 4.2638
74.825 1.4542 3.0 ( 1 3 1) 37.413 0.3438 4.3207
82.236 1.3435 3.0 ( 1 1 2) 41.118 0.3722 4.6767
85.383 1.3030 10.0 ( 1 4 0) 42.691 0.3837 4.8221
85.684 1.2993 6.0 ( 0 2 2) 42.842 0.3848 4.8358
90.263 1.2466 17.0 ( 0 4 1) 45.131 0.4011 5.0403
91.122 1.2374 16.0 ( 1 2 2) 45.561 0.4041 5.0777
91.311 1.2354 25.0 ( 2 3 1) 45.656 0.4047 5.0860
91.856 1.2297 8.0 ( 3 0 1) 45.928 0.4066 5.1095
93.388 1.2141 5.0 ( 3 2 0) 46.694 0.4118 5.1752
94.836 1.1999 12.0 ( 3 1 1) 47.418 0.4167 5.2364
95.698 1.1917 4.0 ( 1 4 1) 47.849 0.4196 5.2725
98.607 1.1653 22.0 ( 2 1 2) 49.303 0.4291 5.3919
103.840 1.1224 9.0 ( 3 2 1) 51.920 0.4455 5.5980
106.119 1.1054 9.0 ( 1 3 2) 53.059 0.4523 5.6841

45

108.460 1.0889
112.577 1.0621
121.080 1.0147

7.0 ( 3 3 0) 54.230 0.4592 5.7702
4.0 ( 2 4 1) 56.288 0.4708 5.9158
6.0 ( 4 0 0) 60.540 0.4928 6.1922
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PDF#36-1332: QM=Star(S); d=Guinier(114.6mm); I=Densitometer
Boron Iron
Fe2 B Brown
Radiation=MoKa1 Lambda=0.709300 Filter=
Calibration=Intemal(Si)
2T=28.309-180.000 I/Ic(RIR)=
Ref: Visser, J., Technisch Physische Dienst, Delft, Netherlands.
ICDD Grant-in-Aid (1984)
Z=4 mp=
Tetragonal - (Unknown), I4/mcm (140)
P.S=tI12 (Al2 Cu)
CELL: 5.1103 x 5.1103 x 4.2494 <90.0 x 90.0 x 90.0>
Density(m)=7.01A Mwt=122.50 Vo1=110.97
Density(c)=7.333
F(30)=89.9(.0078,43/0)
Ref: Ibid.
Strong Lines: 2.01/G 2.12/G 2.55/G 1.20/G 1.63/G 1.62/G 1.19/G 3.61/G 1.05/X 1.83/8
NOTE: Space group and Z from Hagg, G., Z.
Physik.
Chemie, Leipzig, Sec.
B, 11 152 (1930).
Quantitative structure determination.
Compound was (epitaxially) grown on pure Fe.
The iron was removed by etching.
Synthesis carried out by Doctors J.J.
Smit and E.J.
Mittemeyer from The Technical University, Delft, Netherlands.
To replace 3-1053.
2-Theta d(Å) I(f) ( h k 1) Theta 1/(2d) 2pi/d n^2
28.309 3.6130 12.0 ( 1 1 0) 14.154 0.1384 1.7390
40.477 2.5540 30.0 ( 0 2 0) 20.238 0.1958 2.4601
49.160 2.1240 40.0 ( 0 0 2) 24.580 0.2354 2.9582
52.123 2.0110 100.0 ( 1 2 1) 26.061 0.2486 3.1244
57.646 1.8326 8.0 ( 1 1 2) 28.823 0.2728 3.4286
58.509 1.8079 4.0 ( 2 2 0) 29.254 0.2766 3.4754
65.453 1.6342 18.0 ( 0 2 2) 32.727 0.3060 3.8448
66.257 1.6166 18.0 ( 1 3 0) 33.128 0.3093 3.8867
79.866 1.3764 1.0 ( 2 2 2) 39.933 0.3633 4.5649
86.797 1.2859 8.0 ( 1 3 2) 43.398 0.3888 4.8862
94.392 1.2042 25.0 ( 1 2 3) 47.196 0.4152 5.2177
94.392 1.2042 25.0 ( 3 3 0) 47.196 0.4152 5.2177
95.868 1.1901 16.0 ( 1 4 1) 47.934 0.4201 5.2795
101.266 1.1428 1.0 ( 2 4 0) 50.633 0.4375 5.4981
107.564 1.0951 4.0 ( 0 4 2) 53.782 0.4566 5.7375
112.512 1.0625 3.0 ( 0 0 4) 56.256 0.4706 5.9136
114.941 1.0479 10.0 ( 3 3 2) 57.471 0.4771 5.9960
120.210 1.0191 0.5 ( 1 1 4) 60.105 0.4906 6.1654
122.797 1.0063 0.8 ( 2 4 2) 61.398 0.4969 6.2438

47
128.429 0.9812 1.0 ( 0 2
142.578 0.9328 6.0 ( 1 4
145.227 0.9258 5.0 ( 2 5
154.187 0.9064 0.9 ( 1 5
168.849 0.8877 2.0 ( 1 3
--- 0.8764 1.0 ( 3 5 0)
--- 0.8517 2.0 ( 0 6 0)
--- 0.8162 0.5 ( 0 4 4)
--- 0.8102 0.9 ( 3 5 2)
--- 0.7968 5.0 ( 1 2 5)
--- 0.7968 5.0 ( 3 3 4)
--- 0.7906 2.0 ( 0 6 2)
--- 0.7885 3.0 ( 2 5 3)
--- 0.7846 4.0 ( 4 5 1)
--- 0.7551 0.8 ( 2 6 2)

4) 64.214 0.5096 6.4036
3) 71.289 0.5360 6.7358
1) 72.613 0.5401 6.7868
2) 77.093 0.5516 6.9320
4) 84.424 0.5633 7.0781
--- 0.5705 7.1693
--- 0.5871 7.3772
--- 0.6126 7.6981
--- 0.6171 7.7551
--- 0.6275 7.8855
--- 0.6275 7.8855
--- 0.6324 7.9474
--- 0.6341 7.9685
--- 0.6373 8.0081
--- 0.6622 8.3210

APPENDIX B
X-RAY PEAKS OF AISI 1018 STEEL, BORONIZED AND PLAIN

Figure B.1 shows the x-ray diffraction peaks of an AISI 1018 steel reference sample.

Figure B.1 X-ray diffraction data for boronized AISI 1018 steel (blue) and unboronized
AISI 1018 steel (red).
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